Abstract-A multiscale modeling platform that supports the "virtual" qualification of commercial-off-the-shelf parts is presented. The multiscale approach is divided into two modules. The first module generates information related to the bipolar junction transistor gain degradation that is a function of fabrication process, operational, and environmental inputs. The second uses this information as inputs for radiation-enabled circuit simulations. The prototype platform described in this paper estimates the total ionizing dose and dose rate responses of linear bipolar integrated circuits for different families of components. The simulation and experimental results show good correlation and suggest this platform to be a complementary tool within the radiation-hardness assurance flow. The platform may reduce some of the costly reliance on testing for all systems.
I. INTRODUCTION
T HE costs associated with using commercial-off-the-shelf (COTS) electronics in space systems are driving the need to expand the role of modeling for parts' qualification. These costs are primarily associated with the increasing complexity of the next-generation space systems that require COTS components not yet qualified and therefore not included on preferred parts' lists. Due to the combination of lower cost and greater capabilities of commercial parts, COTS electronics represent an increasing percentage of a space system's component inventory. Traditional testing for parts' qualification is expensive and thus, for lower cost missions, represents a prohibitively high fraction of a mission's budget. This paper describes a modeling methodology for mitigating these costs by implementing "virtual" part characterization of total ionizing dose (TID) effects. To ease budget constraints, the modeling approach leverages "free" information sources provided by COTS vendors and manufacturers. These sources include data found in the open literature, macromodel schematics, vendor specifications, and application notes; all of which are readily accessible. Coupling available information with well-established radiation effects modeling techniques has facilitated the development of a simulation platform accurate enough to predict the enhanced low-dose rate sensitivity (ELDRS) in COTS linear bipolar parts.
Previous studies have demonstrated in past years that many, although not all, linear bipolar circuits exhibit ELDRS, where at low-dose rate (LDR), the circuit shows more degradation than at high-dose rate (HDR) [1] . Moreover, the magnitude of ELDRS has been shown to be a strongly correlated with the amount of in-package hydrogen, which may be correlated with packaging types and conditions [2] - [4] . The modeling platform takes as inputs: circuit types (e.g., regulators and comparators), radiation bias, dose, dose rate (DR), and environmental variables (temperature and in-package hydrogen concentration). Performing multiscale modeling through integrated modules that: 1) model the bipolar junction transistor (BJT) degradation as a function of radiation-induced oxide defect buildup and 2) simulate the circuit response to the topology specific degradation of each BJT in its design enables valuable estimations of TID and DR responses of linear bipolar circuits. This is especially important at LDR, where the costs associated with testing are very high. The intent of the modeling is to reproduce the trends and ultimately bound with reasonable confidence the total dose response and DR enhancement in parts, while taking into account other variables such as in-package hydrogen content. This multiscale modeling technique can also be useful for identifying the mechanisms of failure in linear bipolar circuits.
This paper describes the two modules (modules 1 and 2) in the modeling platform and reports the results of TID simulations on various linear bipolar circuits. Within the multiscale framework, BJT excess base current, the primary cause of the radiation-induced gain degradation, is either computed from TCAD simulations [5] or provided directly from the radiation 0018-9499 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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test data. Radiation-enabled compact models specific to the dose exposure are generated (module 1). The transistor models are then inserted into macromodels to simulate the radiationinduced parametric drift in a target circuit (module 2). The simulation results obtained from the multiscale modeling platform are shown to compare well to the experimental data on a range of linear bipolar circuit types, irradiated under a variety of test conditions.
II. BACKGROUND
BJTs are widely used in linear analog circuits (e.g., operational amplifiers, voltage regulators, and comparators) due to their higher operating voltage and current drive capability. Over the past 30 years, numerous studies have reported on the ionizing radiation response and ELDRS of linear bipolar circuits [1] , [2] , [4] , [6] - [9] . The ELDRS effect is observed when BJTs irradiated at LDRs [<0.1 rad(Si)/s] exhibit greater current gain degradation compared to the equivalent total dose exposures at higher DRs [>10 rad(Si)/s]. Various models have shown that TID response and ELDRS in circuits depends on several factors including semiconductor processing steps (e.g., doping, oxide thickness, and thermal cycles), circuit layout, voltage bias, temperature, passivation, and, perhaps most importantly, hydrogen contamination [10] - [17] .
The gain degradation in BJTs is primarily a function of excess base current ( I B ) caused by increased carrier recombination at oxide-semiconductor interface traps (N IT ) that build-up upon exposure to the ionizing radiation [2] - [4] , [9] , [18] - [21] . Radiation-induced increases in net positive oxide trapped charge (N OT ) will also impact the base current response [7] , [22] - [26] . Complex processes associated with electric fields in oxides, carrier transport, and reactions involving hydrogen control the build-up of both N IT and N OT . Models of these processes particularly those related to the generation of interface traps have been shown to accurately simulate both TID effects and ELDRS in BJTs [10] - [17] . Depending on the magnitude of defect levels created by the ionizing exposure, bipolar transistor and circuit responses will be different. To facilitate the multiscale modeling approach, a database of N IT and N OT (i.e., a defect database) is constructed to map dose, DR, and hydrogen concentration to the corresponding defect levels. The database can be populated with the results reported in [3] , [9] , and [20] , new test data on representative bipolar structures, or from values calculated from models [17] , [27] - [32] . This defect database serves as one pillar in the modeling platform.
The remaining sections of this paper are arranged as follows. Section III describes the two modules of the multiscale framework. Section IV reports and compares the results from radiation experiments and multiscale simulations on various circuits. A discussion and conclusion are provided in Section V.
III. MULTISCALE MODELING PLATFORM
A flow diagram for the multiscale modeling platform is shown in Fig. 1 . The platform consists of two modules. Module 1 provides the information on degraded BJTs, specifically I B , obtained from TCAD simulations that use values from the defect database as well as BJT process and design variables (e.g., doping, dimension, and layout). Radiation test data on BJTs provides an additional source of I B information. Operational and environmental inputs (e.g., radiation bias condition and hydrogen concentration) are also mapped to defect concentrations as well as excess base current. The I B information constitutes a second database, the excess base current database. Module 2 accesses the compact model parameters stored in the excess base current database to simulate TID and DR effects in the selected linear bipolar circuit.
A. Preirradiation n-p-n and p-n-p BJT Model
Baseline preirradiation BJT models were built from the experimental data on devices integrated onto a test chip fabricated in an older National Semiconductor linear bipolar process (circa 1990s). The test chip includes gated lateral p-n-p (GLPNP) transistors, a non-GLPNP transistor, and an n-p-n transistor. The test chips came from a single wafer, were packaged at the same time and received identical thermal treatments [3] , [9] . Baseline circuit simulations (module 2) utilize the preirradiation n-p-n and p-n-p compact models extracted from these test chip transistors [33] .
The key assumption in this paper is that the doping profile and base oxide thicknesses in commercial linear bipolar circuits do not change significantly from year to year and are similar from vendor to vendor. As a motivation for this reasoning, Fig. 2 shows the comparison of the results from spreading resistance doping profile measurements on two of different linear bipolar part types considered in this paper. Production lot codes on the measured devices span two decades (1997-2017). They were produced by separate vendors (ADI and NSC) and included three package types (CERDIP, TO42 can, and SOIC plastic package). In each case, the doping profiles were extracted from prepared oblique sections through a BJT identified within the integrated circuit. The results shown in Fig. 2 show the doping concentration at specific depths within the silicon device layer. The n-EPI and p-base values reported are surface concentrations while the n-well values were taken at 6 μm from the surface. The results shown in Fig. 2 show very similar doping in the BJTs regardless of manufacturer, date code, and package type. Scanning electron microscope images of AD590 cross sections (not included in this paper) show the base oxide thicknesses to all be on the order of 1 μm, which provide even more compeling evidence supporting the key assumption in this paper. This is that the preirradiation compact models for BJTs provide the reasonable representations of the transistors used in all linear bipolar circuits considered in this paper.
B. Module 1-BJT Gain Degradation
The objective of module 1 is to create a I B parametric database. This matrix of parameters can be partially filled from analyzed data reported in the literature. However, since there is not enough published I B data across all independent modeling variables (i.e., TID, DR, temperature, bias, and hydrogen content), we increase the size of the I B database by performing additional radiation testing on BJTs from virgin test chips or by conducting 3-D TCAD simulations on representative transistor structures. Extrapolation and interpolation techniques to fill missing data in the databases were not use in this paper.
Data on the test chip devices were obtained from TID experiments performed at JPL and Arizona State University. All parts were irradiated in a Co-60 source at different DRs from 20 mrad/s to 100 rad/s up to a maximum total dose of 300 krad(Si) at various levels of hydrogen concentration. The devices were soaked in the glass chamber flange in different H 2 concentrations (air, 1, and 100%) [9] , [20] . All parts were unbiased during irradiation. Gummel curves were plotted for p-n-p and n-p-n transistors after each irradiation step. The base-emitter voltage (V BE ) is swept from |0.1| to |0.9| with collector biased at −1 and 1 V for p-n-p and n-p-n, respectively. All measurements were made at room temperature using a Keithley 4200 semiconductor parameter analyzer.
For the TCAD simulations, structures were built and modeled with Silvaco's ATLAS device simulator. N IT and N OT concentrations from the defect database were added to the TCAD structure to generate the excess base current profiles as a function of dose, DR, and hydrogen content. Fig. 3 shows the comparison between p-n-p excess base current data reported in [3] and the TCAD simulation results that used associated defected levels reported in [3] . The results show good agreement. It is important to note that the TCAD results capture the DR effect where the excess base current is higher at LDR than HDR. Regarding n-p-n parts, only radiation test data on I B are used.
C. Module 2-TID Simulation at Circuit Level
In this module, we simulate a selected circuit's postirradiation part specification response as a function of dose, DR, and in-package hydrogen concentration.
Circuits from different manufacturers were selected in this paper to demonstrate the qualitative accuracy of the simulation platform. Table I lists the parts analyzed. By using the available circuit information included in datasheets as well as additional information on similar part types found in vendor databases and in the literature, an "equivalent" circuit of the target part is designed. Most linear analog parts can be broken down into key subcircuits that can be modeled as subblocks in a electronic design automation (EDA) tool. For example, the LT1175 regulator can be divided into four essential subblocks: bandgap (BG) reference, error amplifier, output driver, and a resistor divider. Once the topology for each subblock is built, circuit simulations are run using the preirradiation BJT compact models. The characteristics of a block are tuned by changing the scale factors of elements in the circuits (e.g., emitter areas, resistance, and capacitance). After calibration, the more complex, reusable blocks (e.g., the BG reference and the error amplifier) are inserted into a subcircuit library for future use. Once the full circuit has been designed in the EDA tool with its calibrated subblocks, simulations are performed to extract key specification parameters (e.g., output voltage, line regulation, and input bias current). These parameters are then compared to the datasheet part specifications to confirm the accuracy of the preirradiation circuit model. Postirradiation parametric degradation is then modeled as a function of dose, DR, and hydrogen concentration by incorporating the excess base parameters obtained from module 1. Currently, our model uses the I B results from n-p-n and p-n-p devices that are unbiased during exposure.
Radiation-induced parametric shifts in the circuits were modeled with the same simulation technique on each part. All circuit simulations capture radiation-induced excess base current with a parameterized element bridging the emitterbase junction (|V BE |) of each p-n-p and n-p-n devices within the circuit.
D. Hydrogen Content
ELDRS is dependent not only upon the transistors and the circuit design but also upon the composition of the passivation oxides on top of the silicon. It was shown that final chip passivation layers have a major impact on the total dose response of bipolar linear technologies [9] , [19] , [34] .
Pease et al. [9] showed that devices fabricated without passivation layers did not exhibit ELDRS while devices with oxide/nitride and doped-glass passivation layers exhibit ELDRS. Different responses were shown to be strongly related to the hydrogen content in the part's passivation layer [7] , [20] , [22] , [28] , [30] . Hydrogen is used during fabrication (film deposition and annealing) and packaging processes (die attachment). Wu et al. [7] and Johnston et al. [18] reported that high concentrations of H 2 trapped inside hermetically sealed packaged accelerate the total dose degradation of devices and circuits. Hydrogen content has also been shown to be an important factor in the ELDRS response of bipolar parts [4] , [21] . The inclusion of the hydrogen content as an environmental variable is critical to capturing the part-to-part variability in TID and DR responses.
IV. SIMULATION RESULTS AND COMPARISON WITH DATA Using the modeling platform described above, simulations of the radiation response of the commercial linear bipolar circuits listed in Table I were performed. Comparisons with the experimental data, shown in this section, were made only after the model had been developed and simulation results generated. Indeed, postirradiation models were developed without using information from the part radiation testing, i.e., no model parameterization was performed with postirradiation circuit measurements. This type of "data blind" model development is an essential criterion for the proposed methodology. Three simulations were performed on each part to extract the general trend of the parametric degradation, i.e., at HDR (100 rad/s) with H = 0% and 1% and at LDR (0.02 rad/s) with H = 1%. All data reported are from measurements on unbiased parts under ambient atmospheric condition, with limited information on the in-package hydrogen content.
A. AD590 Temperature Transducer
AD590 is a temperature transducer from Analog Device that produces an output current proportional to the absolute temperature (e.g., constant current regulator passing 1 μA/K). The results obtained from an LDR exposure of 20 mrad(Si)/s and hydrogen content of 1% (unfilled square symbols with dashed line) and LDR data (filled square symbols with solid line) are fairly well matched, exhibiting a temperature error that is out of specification at 18 and 12 krad(Si), respectively. An LDR effect is observed on this device. The simulation result obtained from an HDR exposure of 100 rad(Si)/s and hydrogen content of 1% (unfilled triangle symbols with dashed line) and HDR data (filled triangle symbols with solid line) are also fairly well matched, degrading more slowly and reaching the specification limit after 40 and 46 krad(Si), respectively. Based on simulations, with a hydrogen content of 0%, the parameter does not show any significant degradation at a HDR of 100 rad(Si)/s (unfilled circle symbols with dashed line). 
B. TL431 Precision Programmable Reference
TL431 is a three-terminal adjustable shunt regulator. For the data, the DR was 20 mrad/s, and chips were packaged at NASA-GSFC in TO-5 metal can (hydrogen content near 0%) for testing. The HDR and LDR simulations at low hydrogen concentration do not show any significant change up to 100 krad(Si). Fig. 7 shows the plots of the simulation results and data for cathode current (I KA ). No significant change is observed for the parameter at LDR and HDR. 
C. LT1175 Negative Voltage Regulator
LT1175 is a 500-mA negative micropower low dropout regulator from Linear Technology. Fig. 8 shows the simplified schematic of the part. The HDR simulations, like the HDR data, do not show any significant change for the TID levels considered. The LDR simulations, like the LDR data, degrade at relatively low dose levels, 20 krad(Si) and after 7.5 krad(Si), respectively. This shows that the simulation is effectively modeling ELDRS at the circuit level at similar dose levels as the data. Fig. 10 shows the plots of the simulation results and data for one other circuit specification considered, line regulation. The results shown in Fig. 10 indicate that the line regulation follows the same trend as the output voltage parameter. Even though this modeling approach is designed primarily to provide the reasonable estimate of TID and DR responses, the multiscale modeling platform also supports the analysis of failure mechanisms. For example, for LT1175, simulation results indicated that failure was not depend on the output load. This is not case for a second voltage regulator modeled in this paper, LP2953.
D. LP2953 Positive Voltage Regulator
LP2953 is a micropower voltage regulator with low dropout voltage from Texas Instruments Incorporated. Fig. 11 shows the simplified schematic of the part. Fig. 12 shows the output voltage (V OUT ) as a function load current (I LOAD ) at 20 krad(Si) and at LDR = 10 mrad(Si)/s for data and 20 mrad/s for the simulation. The regulation in the two parts. Fig. 12 shows that the output voltage of LP2953 collapses only at higher load currents. Moreover, the output voltage of LP2953 decreases incrementally as a function dose before failure (Fig. 13) . However, for LT1175, the output voltage collapses at a given dose showing no gradual degradation before failure. Moreover, LT1175 fails for all load currents unlike LP2953. We can speculate that one reason for different responses may be related to different polarities of the transistors in the respective BG references. LT1175 has a p-n-p BG reference while LP2953 has an n-p-n BG reference.
E. LM111
LM111 is a single high-speed voltage comparator from Texas Instruments Incorporated. The device is designed to operate at ±15-V supplies. Fig. 14 shows the simplified schematic of the part. then decreasing slowly to 300 krad(Si). Regarding simulations, the parametric value shows at LDR the same trend as data with the bending point around 60 krad(Si). It should be noted that the DR from data and simulation is different which can explain the slightly different responses. For both data and simulation results, the input bias current reaches the specification limit before 1 krad(Si). Fig. 16 shows the plots of the simulation results and data for one other circuit specification considered, the input offset voltage (V OS ). As with the data, the TID simulations show a rapid decrease in the parameter following by a leveling off in the response.
F. LT1006
LT1006 is a precision single-supply operational amplifier from Linear Technology. Its design has been developed for single-supply (5-V) operation. . Based on data, the input bias current increases linearly and crosses the specification at 5 and 15 krad(Si) at LDR and HDR, respectively. The LDR simulations, like the LDR data, show similar trends for the TID levels considered. However, the results obtained for a simulated LDR exposure of 0.01 rad(Si)/s and hydrogen content of 1% (unfilled square symbols with dashed line) shows more rapid degradation compared to LDR data (filled square symbols with solid line). The HDR simulation results with hydrogen content of 0% (unfilled circle symbols with dashed line) fit more closely to the HDR data, which suggests that the hydrogen concentration in this part is closer to 0% than 1%. Indeed, LDR simulations with lower hydrogen content should show a better fit with LDR data. Fig. 18 shows the plots of the simulation results and data for one other circuit specification considered, input offset current (I OS ). As with the data, TID simulation shows only a small change in the input offset current and stays within the specification range.
V. DISCUSSION AND CONCLUSION
This paper follows the general modeling approach from [37] for the virtual qualification in linear bipolar integrated circuits. Modeling inputs defined by the mission and environmental specifications are the only external variables needed. Parameters such as dose, DR, and hydrogen content (with the potential addition of bias, temperature, and annealing variables) serve as inputs to physics-based defect and compact model generators which are used to generate degraded BJT characteristics when no data is available. This is the first time that fundamental radiation effects' research on BJT materials and devices has been combined in such a practical tool-based framework. Our modeling effort on six different parts (comparator, amplifier, temperature transducer, and linear regulators) shows the capability to reproduce the TID response behavior on parts from different manufacturers (Linear Technology, Analog Device, and Texas Instruments Incorporated). Detailed comparisons of simulation to data were made only after the model has been developed, and the simulation results generated. The results of the circuit simulations indicate that the experimental trends in the parametric response are reproduced well by the multiscale model. Using predictions of the transistor degradation captured with parameterized excess current modeling elements has been shown to effectively support the circuit-level simulations of the part radiation response. The platform follows a "fully virtual" multiscale simulation path from material to device to circuit with a minimal number of inputs. The output of the modeling platform provides a good estimation of the target part response to TID, DR, and other variables without prior information from part postirradiation data. Circuits were designed with the same elementary n-p-n and p-n-p devices, and no parametrization was performed with postirradiation data as is usually done in the simulating work. The goal of the multiscale modeling is to provide virtual data similar to test data within a target degree of accuracy, and, at the same time, reduce costly reliance on testing for all systems.
Some work is still needed to calibrate the circuit designs and to update and extend the excess base current database to improve the accuracy of the prediction. Indeed, some differences between the predictions and the results are observed and can be related to missing or inexact information from the H 2 content in the part, variations in defect precursors densities, and incomplete circuit's designs for macromodels that exclude some subcircuits such as temperature compensators and local feedback topologies. This modeling effort can also be expanded to support the analysis of the TID response variability through the use of Monto Carlo and Bayesian statistics methods [38] .
